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ABSTRACT
Steroidal hormones, such as 17beta-estradiol (E2) and its primary metabolite, estrone
(E1), are prevalent in animal waste and are a common subject of study due to potential
soil, stream, and groundwater contamination. These particular hormones are labeled as
Endocrine Disrupting Chemicals (EDCs) because of their developmental effects in
reptiles and amphibians. Dairy waste at concentrated animal feeding operations (CAFOs)
is typically stored in a waste pond. Even though these waste ponds are regulated to
include a soil liner with a minimal hydraulic conductivity to limit leaching, previous
studies have traced stream and groundwater contamination from waste ponds. This
research included field and laboratory studies to examine E2 transport and included a
potential engineering solution to limit hormone transport—applying biochar to new pond
liners to act as a retardant. Soil cores were collected beneath a mature waste pond and
analyzed for moisture content and hormone concentrations. In the laboratory study,
columns with sand, clay, and cores from the waste ponds were packed and were subjected
to infiltration by dairy waste using a head of 2.3 m. A subset of the laboratory columns
were amended with powdered biochar to test its ability in retarding E2 and E1. The
column of dairy waste was maintained on the soil columns for three months, leachate was
analyzed for hormone concentrations, and at the conclusion of the study, the columns
were dissected for moisture content and E2 and E1 concentration profiles. The biocharamended laboratory columns considerably improved the retardation of E2. A batch
sorption experiment found that the retardation factor of E2 by biochar was approximately
607, while clay had a retardation factor of approximately 159 at low concentrations.
Because E2 concentrations of 4-250 ng/g were found beneath the waste pond, these
iv

findings suggests that a biochar amendment to a clay pond-liner would further limit
hormone transport to the surrounding environment.
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CHAPTER I
INTRODUCTION AND LITERATURE REVIEW
Steroidal hormones, such as natural estrogens, are excreted by female mammals and are
potential surface and groundwater contaminants. One of the most abundant estrogens
found in dairy waste is 17β-estradiol (E2) and is labeled as an Endocrine Disrupting
Chemical (EDC) because of its developmental and carcinogenic effects in reptiles,
amphibians, and in some studies, humans (Herman and Kincaid, 1988; Sumpter and
Jobling, 1995; Dickson et al., 1986; Nakamura, 1984). Dairy waste is of particular
concern due to its high concentration of E2. Lange et al. (2002) reports an estimated 45
metric tons of natural estrogens are excreted by cattle in the United States annually. Dairy
waste at concentrated animal feeding operations (CAFOs) is typically stored in a waste
pond that, by regulation, must limit hydraulic conductivity by including an underlying
liner. Yet, some studies have traced stream and groundwater contamination to these
waste ponds (Arnon et al., 2008). This study evaluated the fate and transport of E2
beneath a mature earthen animal waste pond and investigated the use of biochar as a liner
amendment to further limit E2 contamination of the subsurface environment.

Endocrine Disrupting Chemicals
Endocrine disrupting chemicals (EDC’s) can interfere with the development and
reproduction of subjected animals (Herman and Kincaid, 1988; Sumpter and Jobling,
1995). 17β-estradiol (E2) and its metabolite estrone (E1), both endogenous steroidal
EDC’s, are prevalent in animal waste and have been found to leach into groundwater
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(Shore et al., 1995; Arnon et al., 2008). E2 is a biologically active form of natural
estrogen, which will rapidly metabolize into a lower biologically active daughter product,
E1 (Colucci et al., 2001). The systematic nomenclature for the compounds are 1,3,5Estratriene-3,17β-diol for E2 (CAS number 50-28-2) and 1,3,5(10)-Estratrien-3-ol-17one for E1 (CAS number 53-16-7). These structures are shown in Figure 1.

Natural and synthetic estrogens disrupt natural hormone processes in the body to different
extents, most commonly quantified as estrogenic potency. More than 95% of the total
estrogenic potency from excreted natural hormones by humans and livestock can be
attributed to E2 and E1 (Khanal et al., 2006). E2 is extremely potent, especially in
combination with any other estrogen hormone (Sumpter and Jobling, 1995). Low
concentrations of E2 have been linked to breast cancer in humans (Dickson et al., 1986)
and significant health effects on fish, including liver damage and kidney impairment
(Herman and Kincaid, 1988). Also, waters with high E2 concentrations have been found
to alter the sex of the fish. Nakamura (1984) concluded that the sex distribution of salmon
in water containing 250 to 5000 ng/L of E2 was 84 to 100% female, while control tanks
were 49% female. Shore et al. (1995), Peterson et al. (2000), and Arnon et al. (2008)
detected E2 in groundwater near CAFOs and speculated that the estrogen had moved via
infiltration through the soil profile.

Vitellogenin is a precursor protein for egg yolk found in female fish, amphibians, reptiles,
and birds and can serve as another biological marker of the presence of estrogens.
Vitellogenin production has been observed in male rainbow trout and roach fish with the
2

Figure 1. 17β-estradiol (E2) and estrone (E1), respectively.
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presence of E2 in concentration as low as 10 ng/L and E1 at concentrations of 25 ng/L
(Routledge et al., 1998). Their study also found evidence that a combination of E2 and E1
produced a larger estrogenic response than separately. A combination of 25 ng/L E1 and
25 ng/L E2 caused more vitellogenin production in male rainbow trout than 50 ng/L E1,
or 100 ng/L E2, alone.

Animal Waste Holding Ponds
Earthen ponds are widely used to store animal waste at concentrated animal feeding
operations. On a watershed scale, these ponds act as a potential point source for hormonal
pollution. Few studies have been conducted on the transport mechanism of these
hormones beneath animal waste ponds. Ponds are required by state and regional
authorities to have a liner that limits waste infiltration into the underlying soil (Figure 2).
Most often, producers will choose a natural clay liner because it is readily-available and it
is an economically-viable resource. States commonly regulate seepage rates from animal
waste holding ponds to less than 10-7 cm/s. The Agricultural Waste Management Field
Handbook (NRCS, 2008) states that a liner will undergo a reduction in permeability due
to manure sealing, so a sealing credit of one order of magnitude can be applied; this
means that a liner with a saturated hydraulic conductivity of 10-6 cm/s or less can be used,
given the sealing credit. Many studies have found that soon after waste is initially added
to a pond, a seal will develop atop the liner (Miller et al., 1985; Chang et al., 1974;
DeTar, 1979; Cihan et al., 2006). This seal formation is analogous to a filter cake atop a

4

Figure 2. Earthen animal waste holding pond.
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filter and the seal will develop a low hydraulic conductivity, ultimately limiting waste
infiltration (Tyner et al., 2006). Studies have found that as a seal develops, the infiltration
rate approaches 10-6 cm/s within approximately 50 days, regardless of the underlying soil
type (Cihan et al., 2006), and the soil beneath it remains unsaturated (Miller et al., 1985).

Contaminant Transport Mechanisms
E2 fate and transport has been studied in depth for saturated groundwater systems (Fan et
al., 2007; Das et al., 2004), but less research has been done for variably saturated soils.
Largely, literature disagrees on the fate and the transport mechanisms occurring for E2 so
multiple conflicting studies are discussed here. In variably saturated soils, E2 can
metabolize into E1, can be retarded within the stationary soil matrix, or can leach to the
groundwater. Modes of transport include, but are not limited to, colloid-facilitated
transport and solute movement due to advection and hydrodynamic dispersion (molecular
diffusion and mechanical dispersion). Figure 3 visually defines these different processes.

Preferential flow refers to the rapid movement of water and/or solute through cracks,
macropores, fingering, or other areas in the soil with increased flux. In a laboratory
column study, Sangsupan et al. (2006) observed simultaneous peak effluent
concentrations of a tracer and E2, implying preferential flow played a major role in E2
transport. In a similar study, Casey et al. (2003) found little effect of preferential flow,
but a widespread distribution of E2 and its metabolites throughout the columns possibly

6

Figure 3. E2 transport processes and fates.
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caused by E2-sorbed colloid movement. Colloid-facilitated transport can occur when E2
sorbs to a mobile soil particle, enhancing its movement throughout the soil profile.
Biodegradation of E2 into E1 has been observed in laboratory experiments that used
agricultural soils (Colucci et al., 2001; Casey et al., 2003). In a laboratory microcosm
incubation study, Colucci et al. (2001) found a rapid degradation (half-life < 0.5 days) of
E2 into E1 that persisted throughout the remainder of the study (3 days). This study also
determined that E2 can degrade into E1 in the absence of microorganisms and that soil
texture, pH, or organic matter did not have any significant effect on degradation. In
another study, Casey et al. (2003) found that the majority of degradation occurred within
the sorbed phase and that little movement of E2 and E1 occurred. In a laboratory
incubation study, Fan et al. (2007) concluded that degradation was dominated by
biological processes and occurs within the aqueous phase. Ying and Kookana (2005)
determined that E2 in an aerobic environment will degrade rapidly (half-life of 3 days),
but would degrade more slowly in an anaerobic environment (half-life of 24 days).

Sangsupan et al. (2006) conducted kinetic and batch sorption isotherm experiments and
found that E2 sorption to soil was strong, non-linear, time dependent, and that affinity
decreased with depth (and total organic carbon, TOC). Ying and Kookana (2005) also
found that sorption of E2 to soil was highly correlated with TOC and the average Kd was
65 L/kg for sandy-loam soils. Das et al., (2004) found that estrogens were moderately
mobile within the soil and Kd of 83.2 L/kg for E2 to a silty clay loam.

8

To the author’s knowledge, the only other study that collected field measurements of
moisture and E2 concentrations beneath an active dairy waste pond was done by Arnon et
al., (2008) in Israel. Estrogens were detected to a depth of 32 m in the soil beneath the
waste pond and were detected at low concentrations in the underlying groundwater. This
study concluded that sorption alone could not describe the movement of E2 beneath a
holding pond and that the clay liner could not efficiently protect the underlying
groundwater during long-term exposure.

Biochar
Biochar is a carbonaceous product of the pyrolysis of biomass, such as woody debris and
corn stover. It has an extremely high specific surface area (>1500 m2/g; Harris et al.,
2008) and is high in organic matter, which E2 has been found to sorb to strongly
(Sangsuspan et al., 2006). Many studies have looked at using biochar as a treatment for
steroidal hormones in drinking water, but fewer studies have tested biochar as a soil
amendment to retard steroidal hormones. Fuerhacker et al. (2001) studied the adsorption
of E2 in drinking water onto granulated activated carbon and found that E2 was quickly
adsorbed and reached an equilibrium concentration within 50 to 180 minutes. In
adsorption experiments, Yoon et al. (2003) concluded that powdered activated carbon
could remove >99% of E2 in drinking water. Sarmah et al., (2010) evaluated the use of
biochar as a soil amendment to retard and degrade estrogenic hormones on dairy farm
soils. These authors found that a soil amended with 1% pine saw dust biochar increased
the uptake of E2 by approximately 1400% as compared to a control. In a review of
9

activated carbon amendments to soils, Hilber and Bucheli (2010) noted that although an
amendment was beneficial, it might create unwarranted effects on the physical and
chemical characteristics of the soil.

Research Hypothesis and Objectives
The main hypothesis of this study was that a biochar-amendment to a soil pond liner
would enhance the retardation of E2 and E1. The flowchart (Figure 4) below illustrates
the experimental approach taken to test this hypothesis. The objectives were as follows:
1) Measure E2 and E1concentrations, as well as soil moisture, beneath an
established dairy waste pond with clay soil liner,
2) Evaluate the effectiveness of a biochar amendment in retarding/degrading E2 in a
laboratory soil column study, and
3) Establish retardation factors for E2 to sand, clay, and biochar.

10

Figure 4. Outline of the experimental approach for this study.
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CHAPTER II
MATERIALS AND METHODS
Facilities and Equipment
In order to evaluate moisture and E2 and E1 concentration profiles, soil samples were
collected from the bottom of an active dairy waste holding pond at the University of
Tennessee Dairy Research and Education Center in Lewisburg, Tennessee. This center
maintains 175 lactating Jersey cattle with free-stall housing. Cattle are only administered
antibiotics or hormones when it is medically necessary. Manure is scraped into an
agitation pit and then passed through a solids separator. The liquid effluent is stored in a
waste pond, while the solid portion is used as bedding for the cattle. Twice a year, the
waste pond is emptied and the liquid manure is applied to crops. Soil core sampling for
this research was performed in November 2010 and September 2011. This waste pond
has functioned since 1977.

Field Sampling
Following the emptying of the waste pond, soil cores were collected and analyzed for
moisture and estrogen content analysis. A small electric jackhammer with a modified bit
was used to drive galvanized-steel Shelby tubes approximately 80 cm deep into the clay
liner. The tubes were 7.6 cm diameter and 91 cm long. A Hi-Lift jack was used to extract
the cores, which were immediately capped (Figure 5). In order to minimize soil
disturbance, cores were collected at approximately 0.5 m apart. Boreholes were backfilled with bentonite.
12

Figure 5. Collecting soil cores from bottom of the dairy waste pond.
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The soil cores were immediately dissected in the field. Samples were collected at 10 cm
increments for the first field sampling (in 2010) and at depths of 4, 8, 12, 16, 25, 35, 45,
55, 65, and 75 cm for the second field sampling (in 2011) (Figure 6). The moisture
contents of the samples were measured gravimetrically (ASTM D2216) by oven drying at
105 oC for 24 hours.

At each depth increment, samples were collected from the interior of the core for E2 and
E1 analysis. These 5g samples were acidified with 4N H2SO4 to a pH of 2 in glass vials
and placed in a 4 oC refrigerator for no more than 2 weeks (Raman et al., 2004). The
samples were extracted using the process described in Chapter II—Chemical Analysis.

Laboratory Experiment
A laboratory soil column study was conducted to simulate actual pond conditions with
various liner soil types. Columns were attached to a sturdy, metal A-frame (Figure 7).
Soil columns had a diameter of 7.6 cm and were 10.2 cm in length. Full dimensions can
be seen in Figure 8. For replication, three columns of sand, clay, waste pond cores, sand
uniformly mixed with biochar, and sand with a layer of biochar near the bottom were
built (Figure 9). Sand/biochar mixes were included to evaluate the effectiveness of
biochar because a breakthrough might not have been observed with clay/biochar mixes
during the timeframe of the experiment. Waste pond cores used in this portion of the
study were collected during the second sampling date in 2011. Commercial play sand was

14

Figure 6. A soil core from beneath the dairy waste pond, with ‘A’ denoting the soil surface.
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Figure 7. Laboratory soil column setup.
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Figure 8. Laboratory packed soil column dimensions.
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Figure 9. Laboratory packed columns included 3 each of (left to right): field cores, sand, and clay; sand with a biochar layer near the bottom; and sand with a
uniform biochar amendment.
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used. Clay collected from the University of Tennessee East Tennessee Research and
Education Center in Knoxville, TN was also used. Biochar was purchased from Biochar
Solutions, Inc. (Carbondale, CO). Its feedstock was pine tree chips and it was in
powdered form to further increase the specific surface area and thus, sorptive capacity.
ASTM D698 was followed to pack the soil columns. The sand and clay were moistened
to their optimum moisture contents (11 and 19%, respectively) and hand-packed with 3.5
cm lifts using 25 blows of a standard proctor hammer. Approximately half of each lift
was re-disturbed before adding the subsequent lift to avoid the formation of compacted
layers. Biochar was applied at 1% w/w (weight by weight) of soil to six sand columns.
Three columns contained a single layer (~0.5 cm) of biochar at 6 cm depth, while three
treatments were mixed uniformly by hand. A PVC cap with a small drain hole and coarse
sand was placed on the base of each soil column to allow for leachate collection.
In order to simulate actual pond conditions, dairy waste (3% total solids) was applied to
soil columns and maintained at a head of 2.3 m throughout the experiment. It was
assumed that when the leachate flux from the columns approached 10-6 cm/s, the seal
atop the soil had fully developed. Unspiked waste (without additional E2) was used until
the seal developed (~30 days), then spiked waste was used for the remainder of the
experiment. The waste was spiked to approximately 50 μg/L E2 with a stock solution. It
was assumed some of the E2 in the waste pipe would degrade before it came into contact
with the soil, so a systematic approach was taken to ensure the concentrations directly
above the soil would remain relatively constant. Every 3.5 days, the waste column was
drained and the waste directly above the soil was removed via pump and vacuum flask,
and subsequently analyzed for E2 and E1 concentrations. New spiked waste was added
19

and the head was maintained until the next waste exchange. Samples of the input waste
(unspiked and spiked) were also analyzed for E2 and E1 content.

Column leachate was directed to amber bottles, which were housed inside a 0o C freezer
(Figure 10). Leachate samples were collected every 4 days for a period of 6 weeks. These
samples were extracted and analyzed for E2 and E1 concentrations. From this data, an E2
breakthrough curve was constructed for each column. Columns were opened by cutting
the PVC with a circular saw with the blade depth set at the pipe wall thickness. Samples
were collected at 0, 5, and 10 cm depth from each column. Approximately 50 g samples
were evaluated for moisture content by the gravimetric method (ASTM D2216).
Approximately 15 g samples were extracted and analyzed for E2 and E1 concentrations,
using the process described in Chapter II—Chemical Analysis.

Batch Sorption
A batch sorption experiment was conducted to determine the distribution coefficient, Kd,
between E2 and sand, clay, and biochar. Exactly 1 g of each media was added to 40-mL
glass vials. Serial dilutions of a 10 mg/L E2 stock solution were used to create
concentrations of 0, 10, 100 and 1000 μg/L. Dilutions were prepared in a background of
0.01 M CaCl2 to stabilize the soil pH. Each concentration was replicated three times for
each media. The samples were shaken at 200 rpm for 48 hrs, which is the reported time in
which E2 will reach sorption equilibrium (Casey et al., 2005; Yu et al., 2004). After
shaking, a 3 mL aliquot of supernatant was collected and analyzed for E2 concentration.
20

Figure 10. Leachate was collected in amber bottles inside an insulated freezer and collected every 4 days.
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The difference in the initial and final concentrations was attributed to sorption of the
estrogen.

Chemical Analysis
E2 (≥98% purity) and E1 (≥99% purity) were obtained from Sigma-Aldrich (St. Louis,
MO). Hormone stock solutions were prepared in HPLC-grade methanol and extractions
were performed with HPLC-grade ethyl acetate. The derivatization reagent BSTFA + 1%
TMCS was obtained from Campbell Science (Rockford, IL).

If the sample had been acidified, the pH was neutralized with the addition of 6N NaOH.
Deionized water and ethyl acetate were added to inhibit estrogen separation from the
sorbed phase. The samples were then shaken at 200 rpm for 1 hour. The supernatant was
collected from each sample which was then re-extracted with ethyl acetate. Each samples
supernatant was combined in a glass vial and dried to a residue with a gentle stream of
nitrogen. This extraction method was derived from Colucci et al. (2001) and Arnon et al.
(2008). It is important to note that the total E2 and E1 in the sorbed and aqueous phases
was analyzed.

Derivatization of estrogens is necessary for analysis by GC/MS to increase volatility and
improve chromatographic separation (Ding and Chiang, 2003). All samples were
derivatized by redissolving the dried extraction residue with 0.5 mL BSTFA + 1% TMCS
(N,O-bis(trimethylsilyl) trifluoroacetamide + 1% trimethylchlorosilane) and 0.5 mL
22

hexane. The samples were vortex mixed and heated at 70oC for 1 hour to accelerate the
reaction, and then allowed to cool to room temperature immediately prior to GC/MS
analysis.

The analysis was performed on a Shimadzu GC/MS system (GCMS-QP2010). A
Shimadzu SHR5xLB (30 m x 0.25 mm x 0.25-μm film) capillary column was used for
chromatographic separation in splitless mode using helium at 1 mL/min flow rate as the
carrier gas. The derivatized samples were injected into the GC/MS system using an AOC20i auto-injector at 250°C and ion source at 260 °C. The oven temperature program was
set to 80°C (2 minutes), followed by a 20°C/min ramp-up to 250°C and 5°C/min ramp-up
to 300°, then 300°C was held for 5 minutes. The mass spectrometer was tuned with
perfluorotributylamine and used in selected-ion monitoring mode (SIM) with electron
ionization mode (70 eV) to limit the noise of the chromatogram. The selected ion ratios
(mass to charge, m/z) were 416 for E2 (retention time of 16.24 min) and 342 for E1
(retention time of 16.37 min). Detection limit for this method was 15 μg/L for E2 and 10
μg/L for E1. GCMSsolutions 2.4 Shimadzu software was used for system control and
data processing.
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CHAPTER III
RESULTS AND DISCUSSION
Moisture Profiles
Field
Soil moisture profiles were measured in the 2010 and 2011 field cores. Profiles were
created by averaging data from 7 cores collected in 2010 and 6 cores collected in 2011.
Cores were collected near the base of the same side slope in both years. The soil moisture
profiles from both 2010 and 2011 demonstrated that the soil beneath the pond was
unsaturated (Figure 11).The moisture content near the soil surface, just beneath the seal,
was between 65 and 85% saturation. Deeper beneath the seal, where there was a
substantial increase in saturated hydraulic conductivity, the moisture content decreased to
approximately 55% saturation and remained stable throughout the remainder of the 80 cm
soil cores.

Because the pond has been active for 35 years and the moisture data from 2010 and 2011
were similar, the soil-moisture system appeared to be steady-state. Tyner and Lee (2004)
determined that the hydraulic conductivity of the seal is orders of magnitude less than
that of the underlying soil, thus the seal ultimately controls the flux rate. This causes the
soil liner to desaturate to the point at which its unsaturated hydraulic conductivity
approaches that of the saturated hydraulic conductivity of the seal (Tyner and Lee, 2004).

(
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(
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Figure 11. Average saturation (± 1 standard deviation, SD) of field cores by depth collected in 2010 and
2011.
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1.0

where = flux,

= hydraulic conductivity of the seal,

conductivity of the soil liner, and

= unsaturated hydraulic

= gradient of head to thickness of material. When the

water table is located well below the soil liner,

(

approaches a unit gradient, therefore

)

Although the research literature has shown that the soil beneath earthen animal waste
ponds is unsaturated (Miller et al., 1985; Barrington and Madramootoo, 1989; Tyner and
Lee, 2004), limited soil moisture data has been reported from beneath an actual pond.
The 2010 and 2011 datasets support the consensus that the soil is unsaturated.

Laboratory
Soil moisture profiles (Figure 12) for the laboratory column study were created by
averaging data from the three replications of each column type. The soil moisture profiles
were unsaturated and similar to the field profiles (Figure 11), with all columns being
approximately 50% saturated at the 10 cm depth. The clay packed columns and the field
cores had very similar moisture profiles. The field cores were moderately disturbed
during collection and transport, and the leachate flux was erratic during the experiment.
Upon dissection, it was observed that there were voids between the soil and the PVC
wall, causing some preferential flow around the perimeter of the soil cores.
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Figure 12. Average saturation (± 1 SD) of packed soil columns with depth.
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As expected, the sand packed columns were the most unsaturated given their very high
saturated hydraulic conductivity. It appears that the addition of biochar even at 1% w/w
changed the hydraulic properties of the soil. The biochar amended sand columns retained
more water overall than the regular sand columns. Because a biochar particle has a
network of micropores and the texture is very fine, using it as an amendment will
decrease the bulk density of a soil (Sparkes and Stoutjesdijk, 2011). Several studies have
noted that a biochar amendment increases a soils water-holding capacity (Uzoma et al.,
2011; Novak et al., 2009; Glaser et al., 2002). Novak et al., (2009) noted an increase in
water retention from approximately 7% to 16% with a biochar amendment to a loamy
sand.

Seal Development
Figure 13 displays the seal that developed atop one of the packed sand columns. The
infiltration rate of all laboratory soil columns approached 10-6 cm/s within 60 days with
the exception of the cores from the field (Figure 14); this could be attributed to the
preferential flow in the field cores discussed earlier. All columns eventually sealed,
regardless of soil type. This data provides further proof that after the seal develops, it, not
the soil, largely controls the waste infiltration rate (Tyner and Lee, 2004; Cihan et al.,
2006; Miller et al., 1985).
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Figure 13. Seal that developed atop a sand column.
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Figure 14. Average leachate flux (± 1 SD) of each soil column type over the extent of the study.
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The leachate flux from the packed clay columns was consistently low. The flux from the
biochar layer sand columns was slightly irregular before the seal had fully developed.
Because the placement of the biochar layer created an interface where a finer soil
(biochar) overlaid a much coarser soil (sand), fingering may have occurred. Fingering is a
type of preferential flow that occurs due to variation in water-holding capacity at the
fine/coarse interface. An addition of a biochar layer to clay might not cause fingering
because there would not be as drastic of a change in soil texture as there was with the
sand in this study.

Extraction Efficiency
To give confidence in the extraction method, soil blanks and spikes were analyzed with
field and laboratory soil samples. In the laboratory, 1 g sand samples were added to glass
vials. Samples were spiked to concentrations of 0, 100, and 1000 μg/L with a 10 mg/L
stock solution. Samples were allowed to reach equilibrium (48 hours) then were extracted
using the process described in Chapter II—Chemical Analysis. The nominal 10 mg/L
stock solution used for the soil spikes was measured at 7.6 mg/L, so calculations were
adjusted accordingly. Table 1 lists the individual efficiencies with the overall average
efficiency being 76%, meaning that the extraction process recovered 76% of the original
E2. Because the extraction efficiency is likely different for each soil type, it was not used
to correct extraction data in this study.
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Table 1. Sand blanks and spikes analyzed to determine extraction efficiency.

Spiked E2

Recovered E2
Average

Concentration

Concentration

(μg/L)

(μg/L)

0
0
0
75.96
75.96
75.96
759.6
759.6
759.6

0
0
0
68.82
53.63
62.20
539.43
511.01
566.00

Efficiency (%)
Efficiency (%)

90.60
70.60
81.89
71.02
67.27
74.51
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76.0 ±8.7

Waste Evaluation
The dairy waste that was used in the laboratory column study was collected from the
University of Tennessee Dairy Research and Education Center in Lewisburg, TN. Figure
15 displays how waste was used and which concentrations were analyzed. The original
waste was kept in buckets until needed. That waste was spiked to 50 μg/L E2 to be used
as the input waste to the columns, then waste was collected from directly above the soil
column for analysis.

In order to evaluate how much E2 was actually added to the waste, the original waste and
the spiked waste were measured for E2 and E1 concentrations (Table 2). Although waste
was not spiked with E1, the E1 concentrations increased in the spiked waste due to
degradation of the E2. The average spiked waste put in the laboratory columns contained
56 μg/L E2 and 109 μg/L E1.

The waste directly above the soil (bottom of simulated pond) was measured for E2 and
E1 concentrations (Table 2). The average concentrations in the waste above the soil were
5 μg/L E2 and 21 μg/L E1. Similarly, Raman et al., (2004) found the concentration of E2
in a dairy waste holding pond to be approximately 2 μg/L. The average E2 concentration
right above the soil decreased 10-fold from the average E2 concentration put in the top of
the columns. Although some of the E2 may have sorbed onto walls of the PVC tubes,
Walker and Watson (2010) showed that this sorbed amount would be minimal.
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+50 μg/L E2

56 μg/L E2
109 μg/L E1

9 μg/L E2
4 μg/L E1

5 μg/L E2
21 μg/L E1
Figure 15. Average waste E2 and E1 concentrations (clockwise): original waste from pond,
spiked waste used as the input waste in the laboratory column study, and waste directly
above the soil in the columns.
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Table 2. Waste E2 and E1 concentrations from the original waste from pond, spiked waste used as
the input waste in the laboratory column study, and waste directly above the soil in the columns.

Waste E2 (μg/L)

Waste E1 (μg/L)

Directly

Directly

Spiked
Date

Original

Spiked
above

Original

input

above
input

soil
23-Jan
27-Jan
30-Jan
3-Feb
10-Feb
17-Feb
20-Feb

Average

soil

-

-

1.3

-

-

9.6

-

-

9.4

-

-

32

25

106

2.4

6.1

152

7.8

-

-

4.0

-

-

25

1.2

37

5.2

2.3

91

20

-

-

7.5

-

-

34

2.4

27

-

3.3

84

-

9 ±13

56 ±43

5 ±4

4 ±1.9

35

109 ±37 21 ±19

Breakthrough Curves

Breakthrough of E2 was not expected to occur until later in the study, so leachate was not
analyzed for E2 concentrations until around 28 days after the experiment began. Around
the 28th day of the experiment, the leachate concentrations ranged from 4 to10 μg/L and
decreased to less than 1 μg/L after 60 days (Figure 16). The leachate concentrations were
more variable for the sand columns, with the rest of the columns appearing to have
similar concentrations throughout the experiment.

Figure 17 clearly accounts for the differences in leachate concentrations from the various
soil columns by showing the cumulative E2 leached per unit area of the column. The field
columns leached the most E2. Upon dissection, voids were observed between the field
cores and the PVC. The large leachate concentrations were probably due to preferential
flow around the soil core. The clay columns leached much less E2 than the sand columns.
Research has shown that sorption of E2 to soil (refer to Figure 3) is highly correlated with
TOC (Sangsupan et al., 2006; Ying and Kookana, 2005). Although TOC on this clay was
not measured, it is generally higher in clay soils than sandy soils. If E2 was sorbed within
the clay column, less would be available to leach out.

As expected, the sand columns leached a larger mass of E2. The biochar amended sands
leached much less E2 than the sand columns, presumably due to more E2 being sorbed to
the biochar (Figure 3). In the 30 days shown in Figure 17, the sand columns leached
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Figure 16. Average leachate E2 concentrations (± 1 SD) from each soil column type over the extent of the study.
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Figure 17. Average cumulative mass of E2 (± 1 SD) leached from each soil column type over the extent of the study.
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1.4 μg E2, while the biochar amended columns leached an average of 0.48 μg E2. By
applying this data to a 0.5 acre pond, a sand liner would leach 619 mg E2 while a biochar
amended sand liner would only leach 219 mg E2 in 30 days, assuming steady-state
conditions.

The different application techniques of biochar seemed to cause a slight difference in the
amount of E2 leached. The biochar mixed columns leached 0.29 μg E2, while the biochar
layered columns leached 0.67 μg E2. On a 0.5 acre pond, a sand liner with a uniformly
mixed biochar amendment would leach 131 mg E2 while a sand liner containing a single
layer of biochar would leach 297 mg E2, even though both application techniques use the
same amount of biochar. The biochar mixed columns most likely sorbed more E2
because the leachate had more contact time with the biochar since it was located
throughout the 10.2 cm soil column. Leachate did not have as much time in contact with
the biochar in the columns amended with a single, 0.5 cm layer. Although the uniformly
mixed amendment performed better, it may prove to be too costly and energy-intensive to
incorporate at a field scale. This data shows that a biochar layered pond liner would leach
notably less E2 than a regular pond liner.

Overall, the decrease in leachate concentrations coincided with the sealing of the soil
columns. All soil columns were approaching 10-6 cm/s within 60 days, which also
corresponds to a noticeable decline in leachate E2 concentrations. Figure 18 shows both
the average column infiltration rate (cm/s) and the average leachate E2 concentrations
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Figure 18. Average flux and leachate E2 concentration for all columns over the extent of the study.
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Leachate E2 concentrations
(μg/L)

0
10-3

(μg/L) for all soil columns versus time. As noted previously in this section, leachate E2
concentrations were not analyzed until 28 days after the experiment began. Once the seal
developed and the infiltration rate decreased, the leachate had more contact time within
the soil column to be sorbed.

Concentration Profiles
Field
The observed E2 concentrations in the soil beneath the pond in 2010 ranged from below
detection limit (BDL) to 205 ng/g near the soil surface (Figure 19). In 2010,
derivatization was not performed and a different GC/MS was used for analysis. Because
of the large difference in the 0 and 10 cm data, samples were collected at 4, 8, 12, and 16
cm for the 2011 soil cores to determine intermediate concentrations. In 2011, observed
E2 concentrations ranged from BDL to 48 ng/g (Figure 19). On average, an E2
concentration of 4 ng/g persisted throughout the measured portion of the soil profile. In
both the 2010 and 2011 datasets, the metabolite E1 persisted at 1 to 3 ng/g. The presence
of E1 cannot be attributed to degradation of E2 since E1 is present in observable
concentrations in the dairy waste and its degradation pathway was not taken into account
for this study. Many studies, including Routledge et al. (1998), have shown that E2
concentrations in the 1-10 μg/L range have adverse health effects on aquatic life. The
same study also determined that exposure to a combination of E2 and E1 was more
detrimental than either hormone by itself.
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Figure 19. Average E2 and E1 concentrations (± 1 SD) with depth in soil cores collected in 2010 and 2011.
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Figure 19 provides evidence that E2 is persistent in the soil and that minimal degradation
is likely occurring beneath the dairy waste pond. Arnon et al., (2008), the one other study
that measured E2 concentrations below an active pond, found a concentration of
approximately 0.08 ng/g throughout the soil profile. In that study, the soil contained a
higher percentage of sand that would not be expected to sorb E2 like the clay beneath the
pond in this study.

Laboratory
Following the laboratory study, the columns were dissected and evaluated for E2 and E1
concentrations. Concentration profiles were created by averaging data from the three
replications of each column type at depths of 0, 5, and 10 cm. The clay columns retained
the most E2 near the soil surface, with an average of 7 ng/g that decreased to less than 1
ng/g throughout the remainder of the profile (Figure 20). It is possible that the 0 cm clay
samples mistakenly contained a mixture of soil and waste. The clay E2 concentration
profile was similar to the 2011 field E2 concentration profile (Figure 19). Casey et al.,
(2003) found that sorption of E2 increased with the amount of clay and TOC in a soil and
decreased with the amount of sand.

In Figure 21, the clay profile was removed from the previous figure so the other trends
are more visible. The sand columns retarded little to no E2; this can also be witnessed in
the sand and biochar layer columns where the only depth that E2 was retarded was in the
biochar layer, with the 0 and 10 cm depths being pure sand. E2 concentrations were
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Figure 20. Average E2 concentrations (± 1 SD) with depth in packed soil columns.
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Figure 21. Average E2 concentrations (± 1 SD) with depth in packed soil columns (except clay).
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1.2

approximately 0.3 ng/g at the surface of the biochar mixed and field columns. It is
possible that E2 was sorbed to the biochar strongly such that it was not extractable. In a
laboratory column study, Casey et al., (2005) also found that the distribution of E2
increased with depth.

E1 concentrations appeared to be constant with depth (Figure 22). In a similar study,
Casey et al., (2005) found that the distribution E1 remained constant throughout the soil
columns. Colucci et al., (2001) found that E2 would degrade rapidly into E1 where E1
would persist in the soil. This persistence would explain why the concentrations of E1 in
the soil are an order of magnitude larger than the E2 concentrations. There were no
significant differences in retardation of E1 between columns. On average, clay contained
considerably more E2 and E1 in this study, while the sand benefitted from a biochar
amendment. A biochar amendment to clay could possibly enhance the already strongly
sorptive soils ability to sorb E2 and E1.

Mass Balance
A mass balance was completed to determine the overall loss of E2 in each laboratory soil
column. This loss could be attributed to degradation of E2 and any E2 that was nonextractable from the soil media. Average leachate fluxes for each soil column type were
used to calculate the input and output mass of E2. The total input of E2 was based on
average waste concentrations directly above the seal and the total E2 leached was based
on the average leachate concentrations for each soil type. The total amount of E2 within
the soil columns was estimated by extrapolating the measured data (0, 5, and 10 cm).
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Figure 22. Average E1 concentrations (± 1 SD) with depth in packed soil columns.
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Table 3 displays the mass balance for each soil column type. It also shows the amount of
E2 degraded and/or none-extractable for each column type. The losses were similar for
the field and clay columns, but it should be noted that the field columns were actual cores
from a waste pond so E2 was already present within the soil. The 77% E2 that was lost
with the sand columns can be attributed to degradation (refer to Figure 3). The biochar
amended sands lost much more E2 than the plain sand columns, so this additional loss
can be credited to E2 sorbed by the biochar that was non-extractable. The biochar
amendment clearly improved the treatment of E2.

Table 3. Mass balance for laboratory soil columns.

Biochar Biochar
Layer
Mix

Mass E2 (μg)

Field

Clay

Sand

Waste in

32

6.2

11

20

11

Leachate out

14

0.9

2.5

2.5

0.8

Soil retained

0.13

1.3

0.003

0.044

0.07

Loss

18

4.0

8.4

18

10

% LOSS

56%

65%

77%

88%

92%

48

Batch Sorption
Sorbed E2 concentrations (mg/kg) versus aqueous E2 concentrations (mg/L) from the
sand, clay, and biochar samples are plotted in Figure 23. Biochar appears to be extremely
sorptive, while the clay and sand seem to have similar sorption characteristics. This result
contradicts the findings from the laboratory column study where total E2 concentrations
in the clay columns were greater than that of the sand columns. Only the aqueous phase
concentration was measured in this study, and the remainder of the E2 was assumed to be
in the sorbed phase. Because degradation was not taken into account with this method,
sorbed concentrations could be overestimated.

Sorption isotherms were fit to each set of data to obtain sorption parameters for the
different soil media. Other studies have shown that a linear isotherm can sufficiently
model the sorption of E2 at low concentrations (Casey et al., 2005; Sangsupan et al.,
2006), and appeared to fit the sand and biochar data. The clay data appeared nonlinear, so
the Freundlich and Langmuir isotherms were fit to the data. The Freundlich isotherms
had the best fit, so Langmuir will not be presented here. Langmuir isotherms are not
normally suited to soil-systems because of the assumptions it takes into account (surface
homogeneity, no interaction between adsorbed species, etc.) (Essington, 2003).
Coefficients of determination (R2) were calculated to determine how well the equations
were able to describe the observed data.
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Figure 23. Batch sorption data for sorption of E2 onto sand, clay, and biochar.
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Batch sorption data for the sand and biochar was described by the linear sorption
isotherm

where
and

is the amount of E2 sorbed (mg/kg),

is the linear sorption coefficient (L/kg),

is the solution concentration (mg/L). The linear sorption coefficient

for the

sand was determined to be approximately 7 L/kg. Similarly, Lee et al. (2003) found a
of 4 L/kg in a soil that was 94% sand, and Khanal et al. (2006) found a Kd of 4 with a
soils that was close to 100% sand. For a linear sorption isotherm, the retardation factor
can be determined by

where

is the bulk density of the soil (g/cm3) and

is the volumetric water content, or

in a saturated soil, porosity. Assuming a bulk density of 1.5 g/cm3 and 44% porosity,

is

24—E2 is moving 24 times slower than the leachate through the soil. For a given Kd,
retardation will increase with increasing bulk density and decreasing water content. This
is due to a larger amount of soil that E2 could sorb to. The linear isotherm (R2=0.95) is
shown in Figure 24.

Nearly all of the available E2 sorbed to the biochar or was not extractable. The biochar
had a Kd of 2012 L/kg and the calculated retardation value was 607. Sarmah et al., (2010)
found a Kd of 311 L/kg for a silt loam that was amended with 1% w/w biochar. The
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Figure 24. Sorption of E2 onto sand, fit with a linear sorption isotherm.
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0.7
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isotherm (R2=0.96) is shown in Figure 25. Because the aqueous concentrations for the
biochar samples were below the GC/MS detection limit, only 3 nonzero data points were
observed.

Batch sorption data for the clay samples was described by the Freundlich sorption
isotherm

where

is the amount of E2 sorbed (mg/kg),

and

are empirical coefficients, and

is

the solution concentration (mg/L). To determine the unknown parameters, data were
plotted as log(S) versus log(C). The resulting straight line has a slope ( ), and an
intercept equal to

. Microsoft Excel’s solver function was then employed to

maximize the R2 of the fit, while optimizing the

and

The retardation factor for a Freundlich sorption isotherm,

coefficients.

, is

Since the Freundlich isotherm changes nonlinearly with increasing aqueous
concentrations, the retardation factor will also vary over the range of concentrations.

The clay had a

of 4.45 and

of 0.29. The isotherm (R2=0.97) is shown in Figure 26.

Retardation values ranged from 159 at an aqueous concentration of 0.006 mg/L to 7 at an
aqueous concentration of 0.6 mg/L.
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Figure 25. Sorption of E2 onto biochar, fit with a linear sorption isotherm.
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Figure 26. Sorption of E2 onto clay, fit with a Freundlich isotherm.
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CHAPTER IV
CONCLUSIONS
The hypothesis of this study was that a biochar amended soil pond liner would enhance
the sorption, thus increase retardation, of E2 and E1. The objectives were to assess
conditions of an active waste holding pond, evaluate the treatment capability of different
soil types and a biochar amendment, and determine sorption parameters of E2 to biochar
and different soil types.

The soil beneath the waste pond was, in fact, unsaturated as the literature suggests. Near
the surface, the soil was approximately 75% saturated and then remained at a constant
55% saturation with increasing depth. E2 was found in concentrations of 7-150 ng/g near
the soil surface and appeared to remain constant at 4-5 ng/g throughout the rest of the
measured depth. E1 was present in smaller concentrations at an average 2.5 ng/g
throughout the 80 cm of measured soil.

Soil moisture profiles from the laboratory soil column study were comparable to the
moisture profiles measured from the waste pond. Based on the soil E2 concentration
profiles from the laboratory experiment, the sand with biochar mix retarded
approximately 65% more E2 than the sand amended with a layer of biochar, but both of
the amendment types greatly improved the efficiency of the sand itself. On average, the
laboratory sand columns that were amended with only 1% w/w biochar leached 74% less
and retained 93% more E2 than the plain sand columns.
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Batch sorption experiments resulted in measured retardation values of 24 for sand, 607
for biochar, and between 7 and 159 for clay. At low concentrations, the clay retarded
more E2 than the sand, which coincides with the laboratory column findings in this study.
The biochar proved its sorptive capacity in the batch study by having a large retardation
factor and in the laboratory column experiments by improving the retardation of E2.

The overall study findings suggest that a biochar-amendment would be beneficial to a
dairy waste pond liner. Amending a soil pond liner with biochar should enhance the
retardation of E2 and E1. Although a uniformly amended pond liner might be more
efficient, this application technique would be more costly and labor-intensive than
installing a layer of biochar.
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